. This a the second part-of an ongoing
Contents
the ITER divertor using the models used in the code and our first set of results for the ITER EDA a~e described in our first
We assume the reader is familiar with contents of the first report and results.
status report, Ref. 1. here focus on the new Fkst, we give a brief description of the content of the 2-D edge/SOL transport code.3-7 UEDGE solves the classical Braginsti12 transport equations for plasma transport along the magnetic field, B, and assumes anomalous diffusive transport across B. The neutral gas that recycles from the divertor plate is modeled by fluid equations where inertia is retained in the parallel direction along B. 8 In comparisons with a more complete Navier-Stokes neutral gas model in a slab version of UEDGE,9 this reduced Navier-Stokes model has been shown to accurately represent the ion-neutral momentum exchange and the collisionally enhanced "momentum and energy transport including neutral-neutral collisions. The nonorthogonal mesh algorithm in UEDGE makes use of a general 9-point difference stencil which preserves the magnetic flux surfaces as one coordinate to resolve the highly anisotropic transport along and across B. 6 The parallel transport of the multi-charge state impurities is described by force-balance equations6 using the trace-level coefficients presented earlierl"?l 1 or by the FMOMBAL package. 12 Atomic data for hydrogen rates of excitation, ionization, and recombination by electrons is taken from the work of Stotler,13 and the impurity rates are from STRAHL14 via a B2.5 package by . Braams.15 Our previous studiesl of helium and neon for orthogonal and tilted divertor plates has been extended to the intrinsic impurities beryllium and carbon. In Sec. II, a comparison is given of the spatial density distribution and radiation for each of the four impurity species.
These results are for the outer-half of the scrape-off layer (SOL) and include steady-state ..=.
-.-..-_,.,.
------.._-.. Results of the fixed-fraction and multi-charg-state impurity models are compared. In Sec. IV, we examine this loss of steady-state solutions in some detail and show that two types of time-dependent solutions appear. The first arises if the core boundary condition is one of constant density, and then the position of the detached ionization front slowly moves upstream. This slow movement occurs at a rate at which the finite plasma flux across the core boundary provides a particle source to build the neutral density in the volume between the ionization front and the divertor plate to densities in the range of w 3 x 1021 m-3.
This is typically hundreds of msec. The second type of solution occurs if the core density boundary condition is zero flux. Then oscillatory solutions are obtained that can change between weakly attsched and detached. A MARFE just under the x-point participates in this oscillation, although whether the MARFE is helping drive the variations or just being
driven is yet to be determined. These oscillations are likely the same type as those discussed in Ref. 16 .
II. Comparison of Four Impurities
We compare the behavior of He, Be, C and Ne impurities for a half-space configuration with orthogonal and moderately tilted divertor plate. For each impurity, we specify a fixed ion density (usually, that of the fully-stripped charge state) at the core boundary. Zero .
particle-flux boundary conditions are imposed at the sidewalls for both ionized and neutral ,."" impurities.
For recycling impurities, He and Ne, the impurity gas flux from the-diverter plate is just equal to the total impurity ion flux incident on the plate. There is no net source or sink of particles in the system: The impurity concentration in the scrap-off layer is controlled byt he core boundary condition. . . For non-retycling impurities, Be and C, we simulate physical sputtering by setting the ....-=.... 7 --------. , +h~;mpurity gas flux from. the. diswrtor. plate equal to some fracticarcf-the hydro~ic ion -=~--~"=-~:.-.
.. !.., --flux incident on the plate: TAe constant of proportion~lty is-t~%-q~t~~ring field,~>~v., ----"'" by the ion thermal force) where they accumulate until their density exceeds the fixed-density boundary value and they diffuse radially out of the scrapeoff layer into the core region. In ' ' this situation, the impurity concentration in the scrape-off layer is controlled by both the ' sputtering yield and the core boundary condition.
A. Background Hydrogen Features
Input parameters for the hydrogenic plasma are the core plasma density, nCO,~= 3 x 1019 m-3, and the power flow into the outer half of the scrape-off layer, P-e = 100 MW (equally split between electrons and ions). The anomalous diffusion coefficients correspond to the s-called weak diffusion casel with DL = 0.33 m2/s and x=,; = 0.5 m2/s. For an orthogonal divertor plate, this produces an attached plasma with a peak plate electron temperature of 26 eV and a peak plate heat flux of 75 MW m-2. The total radiated power is 5.6 MW, mostly due to ionization within a few centimeters of the divertor plate. Important features of the plasma are regions of reversed-flow near the divertor plate which would tend to transport impurities upstream toward the x-point. Two such regions exist, one along the separatrix and one further out into the scrape-off layer, as shown in Fig. 1 .
B. Spatial Distribution of Impurity Radiation
We illustrate the behavior of various impurities at low concentrations which do not appreciably disturb the hydrogenic background plasma.
For the recycling impurities, helium and neon, with a fixed core concentration of .03%, the radiation heat load on the outer wall is shown in Fig. 2 . For helium, the total radiation is-only 0.14 kW, with --25%o-comingfrom the divertor leg and the r.emainkler from a-broad . the divertor plate shown in Fig. 3 . This may be explained by the somewhat higher ionization energy of the neutral carbon atom which allows it to penetrate upstream to regions of higher electron temperature, and the thermal and friction forces (reversed flow) being proportiont o Z2.
C. Solutions with Strong
The carbon plate sputtering Sputtering yield was arbitrarily increased from zero to a maximum yield of 0.01 (l%) , with all other model parameters fixed. In Fig" 4 we show the 'ariation of the total impurity radiation, the carbon contribution to Zetj at the midplane and the fraction of the sputtered carbon that escapes from the divertor. For very weak sputtering there is little carbon in the divertor and the buildup of carbon at the midplane is limited by our fixed-density boundary condition at the core. For strong sputtering, most of the radiation comes from a region just in front of the divertor plate where the total carbon density is a maximum and the electron temperature is low enough for efficient radiation by the lower charge states. The total impurity radiation for a l% sputtering yield is about 30?10of the power into the scrape-off layer, but the peak heat load on the divertor plate is not significantly reduced because the radiation is concentrated near the plate.
A similar scan of the sputtering yield for beryllium yields the results shown in Fig. 5 .
For a given sputtering yield, the total impurity radiation from beryllium is more than 3 times larger than from carbon, and the fraction of the beryllium escaping from the divertor is less than half of the fraction for carbon. Note that the maximum sputtering yield for our beryllium simulations is considerably smaller than for our carbon simulations; with stronger sputtering, there is an increased tendency for the plasma to detach from the divertor plate and it, is=more difficult to obtain converged steady-state solutions. the carbon in the core distributes itself more or less uniformly along flux surfaces, and the carbon diffuses radially outward from the core near the x-point where the carbon density is relatively low. For a carbon plate sputtering yield Yphvs = .0015, we find the carbon density in the core rises to 2.7x 1017 m-3 (0.53% concentration) and the maximum Z.ji = 1.2 along the separatrix. This core impurity concentration and the total impurity radiation vary with the sputtering yield as shown in Fig. 6 . The equilibrium core concentration may also depend on the strength of the radial particle diffusion, which for these simulations was DL = 0.33 m2/s for both hydrogen and carbon. For this series of runs, the core hydrogen plasma density was higher (5x 1019 m-3 versus 3 x 1019 m-3) than in the above simulations and the divertor plate was moderately inclined
D. Inter-species Charge Exchange
rather than strictly orthogonal.
Our standard model assumes equal rate parameters for the two interspecies charge exchange interactions between deuterium (D) and carbon (C):
Rates for reaction (1) 
"'
shown in Table I . A 50% reduction in the rate parameter causes a 50% increase in the carbon concentration near the midplane and a factor of two increase in the fraction of carbon ions which escape from the divertor region and enter the core plasma rather than return to the divertor plate.
We also find that the total carbon radiation increases by a factor of three in response to this rate reduction. Setting the rate parameter to zero has even stronger consequences, so it is important to get more accurate information about this inter-species charge exchange rate.
We have repeated calculations on the effect of reduce carbon neutral charge exchange for the 30°inclined plate case. The results are quantitatively the same for the factor of 2 reduction in the rate seen in Table L For recycling impurities, such as neon, the effect of inter-species charge exchange reaction (2) is much weaker than for carbon. This reaction mainly affects the mean-free-path and density of the neutral impurity. comparing the two impurity models and the resulting impurity radiation obtained.
The case considered has a core hydrogen density of 5 x 1019 m-3, and 100 MW into the outer-half of the SOL, equally divided between ions and electrons. The anomalous diffusion coefficients again correspond to the recalled weak dHfusion easel with D1 = 0.33 m2/s and Xe,i = 0.5 m2/s. Because we wish to examine the x-point region in some detail for this study, we improved the resolution of the mesh near the x-point; however, the basic conclusions are essentially the same as for the less refined mesh used in Ref. 1 . In this section, we consider an orthogonal divertor plate with no pumping to illustrate the main points. However, in Sec. IVB, we return to an nonorthogonal mesh with a vertical divertor plate.
To represent the spatial distribution and effectiveness of the radiating impurities, we integrate over the radial dimension for the power radiated by the impurity and plot the ,result versus poloidal location as measured by distance ,along the separatrix. Such a plot is shown in Fig. 7a for the F)? model with neon using coronal equilibrium for the three fraction .... values of nzjne = 0.025%, 0.05%, and 0.1%. In Fig. 7b, we show results for the MCS model using three different values of the core boundary density for charge-state +8: n$8/n. = 0.270, 0.4%, and 0.5%. The radiated power for these six cases in shown in Table II ; note that the last near tripling in power occurs between the last two table entries for only a 25% increase in core impurity density. At a given impurity frsction at the core boundary, the FF model overestimates the power radiated because the impurity distribution is very nonuniform spatially. For both models, the impurity levels cannot be increased by another 25% above the highest value used here and still find steady-state solutions. We shall return to this limit for our discussion of oscillations in Sec. IVA. There are several points to be made from the plots of the power versus poloidal distance: .
(l), the FF model shows a roughly linear dependence of power on the impurity fraction.
(2), In contrast, the MCS model shows a very nonlinear dependence of radiated power with impurity level. This is caused by the localization of the impurity near the midplane for low levels owing to hydrogen back flow and thermal forca, and the overcoming of thae .
effects at higher impurity levels via changes in the plasma profiles. Thus, at low impurity levels, the two models differ substantially owing to 2-D transport of the impurities, but the qualitative features become more similar at the higher levels when we used the total power radiated as the common me~ure. When the impurity level is raised above the maximum levels given in the previous section .,, fo~:-ei$lte~i~r~@~~mo~;.*dy-state..-luti**aYe~Zydl%ctiRt6 bbtain, requiring a '""$% delicate balance of particle input and pumping. More generally, two types of time-dependent solutions result depending-on. the core density boundary condition. The first keeps the total particle content fixed by having no particle flux from the core and no pumping, and then oscillatory solutions appear, at least near the attached/detached transition. The second type of solution results when we use a fixed density at the core boundary, and the plasma slowly evolves deeper into detachment with the ionization front moving upstream; here sufficient pumping can move the front back toward the divertor plate. We now illustrate these two types of solutions for our ITER cases.
A.

Oscillatory Soltitions
If we increase the concentration 11 this behavior is shown in the next subsection. Here we consider the case where the particle flux at the core boundary is forced to zero such that the total number of hydrogen particles ' (ions+ neutrals) remains constant. Note that for the steady-state solutions with no pumping described previously, these two boundary conditions lead to the same solution, i.e., even if we specify the density, zero flux across the core boundary is obtained at steady state because there is no pumping.
To illustrate the oscillatory solution, we begin from the steady-state solution shown in Table 11 and Fig heat flux on the plate. In addition, we show the poloidal profile of impurity radiation at four time-slices over the oscillation in Fig. 9 . This shows the substantial involvement of the radiation from the x-point region in the oscillation; whether this radiation is helping drive the oscillation or just responding has not yet been determined.
These oscillations are likely similar to those discussed earlier by Krasheninnikov, et al.,le except that here we also have the involvement of the x-point radiation. Near the divertor plate there is a cyclic conversion of neutrals into ions and then back to neutrals. This is strongest near the private-flux/separatrix boundary where power to ionize the neutrals is limited by the radial diffusion of energy into the private flux region. Note that the ion density oscillations are very large at the plate, even for the 1.4 cm flux surface where the other oscillations are relatively weak. This is also true of the neutral density, so to properly model these oscillations, one must follow the neutrals time-dependently.
B. Slowly Evolving Detached Solutions
The second type of solution we find at increased impurity levels uses the fixed-hydrogenicdensity core boundary condition. In this case, the solution appears to go through an oscillatory phase as it first passes into complete detachment, but then evolves (possibly with small oscillations) to a more deeply detached state where the ionization front moves farther upstream from the divertor plate. This behavior has been observed for both FF and MCS impurity models, and for an orthogonal divertor plate as well as one inclined 90°in the (R, Z) plane. Here, we shall focus on the results from the most complete model, i.e, the MCS impurity model with the 90°plate. .. . .
..
An additional refinement to the model is that the neutral gas is allowed to escape along redistributes the gas for the time slice at 0.05 s is given in Fig. 10 . Here the largest fluxl eaves the plasma -region,..qear the diverter plate, and is rather uniformly distributed over ---"--"-'"::
the middle 2/3 of the private flux boundary. To simulate pumping with this model, one simply reinjects a fraction of the escaping particle flux.
The two time slices shown in Fig. 11 evolved from an initial state having a core boundary condition for neon with the density n~s = 2 x 1017 m-3 and a hydrogenic core density of 5 x 1019 m-3. At t=Os, the value of n~s is instantaneously raised to 4 x 1017 m-3, and the solution evolved time-dependently. After some initial transients, the ionization front (as measured roughly by the T, = 5 eV contour), moves upstream from the divertor plate in a monotonic fashion as shown by the time slice at t=O.05 s in Fig. 11(a) . At a much later time (0.4 s), the ionization front is half way up the divertor leg as shown in Fig. n(b) .
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These evolving solutions are characterized by strong ionization and recombination radiation losses combhwd with neon radiation loss, and have negligible power reaching the divertor plate. These solutions appear to be the same type as found by Kukushkin, et aL18~19at similar impurity densities in their B2/EIRENE ITER modeling. The following table displays some of the important properties of the solutions: Here Pi=, P&, and Pimpare the powers in MW radiated by hydrogenic ionization, hydrogenic recombination, and neon radiation, respectively. The quantities N= and N~are the total number of electrons and hydrogenic neutrals in the outer-half computational domain, respectively; the volume of the domain is 144 m3.
As one can, see from Table III , the number of neutral particles in the system is growing witlr time. These particles come from an ion flux across the core boundary which remains in -tAe range of 1 X--N323 pa~lcles~s over the course of the ruri-;these iti?ni" W&itu"dly recombhe -"""-""~-"" ' below the ionization front -after many-ionization/recombination events in-the front. The '"':-~-build-up of the neutral gas below the front pushes the ionization front slowing toward the x-point. This is essentially the gss-target divertor solution discussed earlier.20*21 The timescale of the evolution corresponds to the time -for the coii Rni'"fEi3Ft.ofill thk lower . .. . ....... .... .: divertor region with gas at a density of N 4 x 1021 m-3:
t -4 x 1021 m-3 x 10 m3/1 x 1023 s-l N 0.4 s,
where the factor 10 m3 is the volume of the divertor leg below the ionization front in Fig. n(b) .
We have found these evolving, detached solutions for orthogonal plates and with or without gas recirculation in the private flux region. Steady-states have been obtained by pumping gas at the rate corresponding to the ion flux across the core. However, this ion flux is non physical order of magnitude.
will report on them condition results in in that it exceeds the available core particle source by more than an
We have begun some simulations with the core ion flux set to zero, and in our next status report. As discussed in Sec. IVA, such a boundary strong oscillations for barely detached plasmas, but the details may differ for these strongly detached cases. It may also be possible to maintain the detached state by puffing gas on the wall side at the midplane, and then pumping in the divertor region; we shall also consider these cases.
These detached states are attractive for helium pumping, and we have assessed this by including helium in a trace limit for the detached case shown in Fig. 11(b) . Two results are noted here: First, the power radiated by the helium is 4.5 x (100@ 2/ne) MW where the density ratio is at the core boundary (e.g., 2% helium radiates 9 MW). Second, these strongly detached plasmas have high neutral densities with the helium gas density on the private flux boundary relative to the helium ion density at the core boundary being n~,He/n$2~12; this compares to the ratio of the deuterium species of ?'Z@/ni N 80. For this case, the ratio for neon is about the same as for helium, i.e., n~,N~/n~8 z 12, where n$s is the highest density neon charge-state on the core boundary.
V. Summary and Conclusions
At low impurity concentrations, we find steady-state solutions for the edge plasma. " ""
Radiative losses from recycling impurities, He and Ne, are spread over the entire length of the divertor and SOL, whereas the radiation from non-recycling sputtered impurities, Be and C, is concentrated within a few centimeters of the divertor plates for attached ph.smas.
For non-recycling impurities, we find the solutions are sensitive to charge exchange between the neutral impurity atom and hydrogenic ions near the divertor plate. More accurate information about this charge exchange reaction is needed.
For higher concentrations of recycling impurities, such as neon, most of the power into the SOL is radiatively lost and steady-state plasma solutions may not exist. We find two types of evolving plasmas, depending on the flux of hydrogenic ions across the core boundary: (1) for fixed core density, the detached ionization front slowly moves upstream from the divertor plate on a time scale of several hundred milliseconds; (2) for zero particle flux across the core boundary, we find solutions which oscillate between weakly attached and strongly detached on a time scale of about 20 milliseconds. The oscillations can be accompanied by a MARFE under the x-point. The slowing evolving solutions can be stabilized by pumping in the divertor region. However, we must first understand the behavior of the detached solutions when the core ion flux is constrained to proper values.
The focus of our continuing work will be:
1.
2.
3.
4.
Include helium and other intrinsic impurities in the non-trace limit together with the injected impurity such as neon.
Analyze the partially detached plasma and associated oscillations in more detail.
Simulate detached plasmas with constrained core ion flux, and devise pumping and puffing scenarios to maintain this state.
Compare Monte Carlo and fluid neutral models for detailed ITER configuration. Table III ; (a), for the fixed-fraction model, and (b), for the multi-charge-state model. Note that this is local emissivity, and not the net heat load on the wall as is shown in Fig. 2 . to 5 x 1019 m-3. The slow evolution is caused by a small, but steady particle flux from the core. 
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